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Abstract. An overview is presented of some recent developments in the field of the design
of effective sound absorbers. The first part deals with the application of so-called coupled
tubes. For this purpose use is made of a system originally applied for unsteady pressure
measurements on oscillating wind tunnel models. The second part deals with an extension
of the theory of tubing systems to thin air layers, trapped between flexible walls.
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Figure 1: Unsteady pressure distributions on a fin
oscillating in yaw-motion [1]
In the early sixties Bergh [1] introduced
at the NLR (National Aerospace Labora-
tory, Amsterdam) a new method to mea-
sure detailed unsteady pressure distribu-
tions on harmonically oscillating wind tun-
nel models. Key feature was the use of
the same tube-scanning valve systems as
commonly applied for steady pressure mea-
surements. This avoided the use of a large
number of in-situ transducers, which were
hardly available and very expensive at that
time. Moreover steady and unsteady tests
could be performed simultaneously on the
same models. At about the same time
Laschka [2, 3] published his new theory on
the air loads on oscillating surfaces. The
unique coincidence of a new theory and
an affordable measuring technique led to
a fruitful combination of piloting research
on unsteady aerodynamics, reflected in two
classical papers by the aforementioned au-
thors, published at the same congress in 1963 [1, 4]. See Figure 1.
For measuring the harmonically oscillating part of the pressures at the surface of the
model one has to account for the transfer function of the tubing system. This system
causes a change in both amplitude and phase angle between the unsteady pressure at the
surface and the unsteady pressure as felt by the transducer. The transfer function not
only depends on the dimensions of the tubes, but also on the mean temperature and the
local mean pressure at the entrance of the tube on the model surface. Overall this led to
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a rather complicated data reduction procedure, as sketched in Figure 2. The procedure
was simplified somewhat by giving all tubes the same length. The measuring technique
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Figure 2: Data reduction procedure to compensate for the transfer function of the tubing system
was given a fundamental basis [5,6] by the development and experimental validation of a
mathematical model. Essential for the propagation of sound waves through tubes is the
inclusion of the effects of heat transfer and viscosity. This process is governed by the value
of the so-called shear-wave number, S, defined as:
S = R
√
ρ0ω
µ
(1)
with R the radius of the tube (m), ρ0 the mean density of gas or fluid (kg/m
3), ω the
angular frequency (rad/s) and µ the dynamic viscosity (Pa s).
For low values of S the physical process inside the tube can be considered as isothermal,
whereas at high values the process happens isentropically. It has to be noted that a low
value of S not only shows up at low frequencies, but also for very narrow tubes at high
frequencies.
Some characteristic examples of transfer functions are presented in Figure 3.
One must be aware (see Figure 3.c) that at very high local mean velocities, as happens for
instance around airfoils operating in transonic flow an important influence of the ”grazing”
flow on the transfer function of tubing systems occurs, which has to be accounted for [7,8].
It is interesting to note how the method to determine the transfer functions of tubing
systems and probes has spread out to a variety of applications, besides the field of aero-
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elasticity. It mainly concerns test conditions in which the sensors, for instance because of
a hostile environment, have to be placed at a certain distance from the source.
Examples are the application in the atomic center of Los Alamos [Watts, 9], in fluidized-
bed furnaces [van Ommen, 10], pressure probes for jet engines [Brouckaert et.al., 11, 12]
and scramjets [Heller, Parrot, 8, 13], applications to re-entry vehicles under rarified flow
conditions and large temperature gradient [Whitmore, Jones and Thurlow, Heller, 8, 14],
turbulence probes to study natural erosion problems in harsh environments [Findlater, 15],
heat pipes [Rott, 16,17] and extensions to super heated refrigerants and thermo-acoustic
problems [Rodarte et.al., 18] and even piping systems for the transport of natural gas. For
a number of applications the model had to be adapted or extended. For details reference
is made to the mentioned publications. Some interesting extensions to larger amplitudes
and the inclusion of a mean flow through the tubes can be found in [19–21].
©c INFLUENCE OF ”GRAZING FLOW”
Figure 3: Examples of the transfer function of tube transducer systems
2 RESEARCH IN TWENTE
This paper addresses the work, started at the University of Twente more than thirty years
after the introduction of the tubing system for unsteady pressure measurements at the
NLR. We took up the modeling of viscothermal wave propagation and considered again
tube-systems. This time in the reversed sense, with the aim to design acoustic dampers and
sound absorbing walls. We also extended the theory to numerically simulate the effects,
which the presence of thin air-layers, trapped between flexible plate-type structures, has
on the vibration- and damping characteristics of such structures. It is demonstrated that
such layers might have a considerable effect on lightweight structures, both with respect
to eigenfrequencies and to damping.
2.1 Reversed tube systems
As mentioned we revisited the tubing system. Beltman [22,23] and Van der Eerden [24,25]
considered a trapped system consisting of a series of tubes. A very efficient numerical
tool has been developed and validated to design panels with optimal sound absorbing
characteristics. A number of tubing-configurations have been designed with optimal sound
absorption in a relatively wide and predefined frequency range.
3
Figure 4: Absorption coefficient of a wall with one
type of quarter lambda oscillators [24]
In Figure 4 the sound absorption coeffi-
cient of a sample with ordinary equal quar-
ter lambda oscillators is shown. The loca-
tion and width of the peak are very well
predicted. Of more practical interest are
configurations with so-called coupled tubes
with different dimensions, as for example
the ones presented in Figures 5 - 8.
Evidently a much wider frequency range
can be created in which a very effective
sound absorbtion is obtained.
The predicted characteristics agree very
well with the measurements, implying that
we have an excellent method in hand to design effective acoustic characteristics in a pre-
scribed frequency band. The method lends itself very well for an optimization procedure.
It has to be noted that in the calculations the actual lengths of the tubes are used with a
virtual addition to account for inlet effects. This corrections are taken from the literature
[Bies and Hansen, 26] (R is the tube radius, a is the distance between the centers of the
tubes, equally spaced).
Leffective = Lactual +
8R
3pi
(
1− 0.44R
a
)
with a > 2R (2)
At the wall the impedance, Zwall, is defined as the quotient of the local pressure and the
normal particle velocity. In general the impedance is a complex number. The reflection
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Figure 5: Sound absorption coefficient of a sample with three coupled tubes [24]
coefficient at the wall, Rwall, is the ratio of the reflected and incident wave. It can be
derived [24] that:
Rwall =
Zwall − ρ0c0
Zwall + ρ0c0
(3)
Where ρ0 represents the mean density and c0 the sound velocity of air at the prevailing
conditions. Finally the sound absorption coefficient, α, is defined as the fraction of incident
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sound energy that is dissipated at the wall. It can be expressed in the reflection coefficient
as follows:
α = 1− |Rwall|2 (4)
The wall impedance, reflection coefficient as well as the absorption coefficient are all
frequency dependant. The value Ω corresponds with the so-called porosity, defined as:
Ω =
1
Awall
n∑
i=1
Atube i i = 1, 2, · · · , n (5)
Here Awall represents the considered area of the wall, Atube i the inner cross-section area
of the ith tube and n the number of tubes. The validation tests have been performed
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Figure 6: Sound absorption coefficient of a sample with seven coupled tubes [24]
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Figure 7: Sound absorption coefficient of a sample with coupled tubes [24]
in an impedance tube, with both small microphones and ditto microflowns, mems-type
devices [27] with which particle velocity perturbation is directly measured instead of
pressure perturbation.
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Figure 8: Sound absorption coefficients of several samples with coupled tubes [24]
It is also possible to distribute a very large number of tubes with random chosen di-
mensions in a random way in a structure and to compute the sound absorption of such a
network. See Figure 9(a). The predicted results correspond quite well with the predictions
by the semi-experimental theory of Delany & Bailey [28]. See Figure 9(b). The number
within the round brackets represents the flow resistivity in Nsm−4. It is noted that in the
”tube theory” the flow resistivity can be computed by considering the system at very low
frequency.
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Figure 9: Example of a network with a random distribution of coupled tubes [24]
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In the Appendix a new FEM-like approach has been presented to determine the dynamic
behavior, both in the direct sense (pressure measurements) as in reversed sense of complex,
branched tubing systems. This formulation with which more complex systems can be
computed than in the earlier formulation [5] is well suited for implementation on a PC.
For validation purposes the example in Figure 10 showing the impedance at junction 2
of a T-shape configuration is presented. Note the difference between the results of the
present model (low reduced frequency) and the results of the model without viscothermal
effects.
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Figure 10: Example of a set of coupled tubes computed with the method of the Appendix [24]
2.2 Thin air layers (squeeze film damping)
In a second application we considered thin air-layers, as occurring in the case of plate-
type structures, backed by a cavity. For this purpose a new mathematical model and
a corresponding finite element formulation have been developed [22, 29, 30]. The fluid-
(a) Setup for heave motion (b) Setup for pitch motion
Figure 11: Test setups for validation of squeeze film theory [23]
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dynamics part of the model is validated with the help of measurements on a solar panel,
suspended in springs and oscillating in heave (i.e. oscillating normal to its surface) and
in pitch (i.e. oscillating around an axis of rotation) in the vicinity of a fixed bottom plate
(Figure 11). In this way a very low shear wave number could be obtained, without going
to a miniature type test up. The added mass and extra damping created by the motion
of the air has been determined by measuring the phase-resonance frequency (90 degrees
phase shift between excitation and response) and damping of the solar panel for various
thicknesses of the air layer. The narrow air gap (width h0) between the panel and the
fixed plate is shown to have a tremendous effect on the phase-resonance frequency and
damping (Figure 12).
heave  motion heave motion
pitch motion pitch motion
Figure 12: Result of the experiments with heave and pitch motion [23]
This is reflected also if we consider the results in terms of added mass and damping, see
Table 1.
HEAVE PITCH
mass of panel 2.54 kg moment of inertia 1.64 kg m2
dimensions 0.98 ∗ 0.98 m dimensions 1.67 ∗ 1.29 m
added mass 22 kg added moment of inertia 5.5 kg m2
damping value 35 % damping value > 60 %
Table 1: Added mass and damping coefficient for a gap width of 3 mm
Placing small obstacles in the air gap can create even more damping [22,31,33].
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To validate the fluid-structure interaction part of the mathematical model a relatively
simple experiment has been conducted in which a narrow air layer is considered in a two-
way coupling between the air layer and a flexible plate [22, 23, 30, 31]. For this purpose
use was made of an airtight box with a flexible aluminium cover plate of 1 mm thickness
(Figure 13). The gap width (h0) could be varied between 1 and 50 mm. The plate is
Y
Z Z
X
h
0
250 mm
h
0
490 mm
(a) Dimensions of the test box (b) Setup of the test box
Figure 13: The test setup
excited with a shaker and the point of excitation was chosen in such a way that it did not
coincide with a node of one of the eigenmodes in the applied frequency range. As in the
preceding example the width of the air layer significantly effects the eigenfrequencies and
damping (Figure 14). Three effects can be distinguished: additional stiffness, added mass
and extra damping.
(a) Frequencies (b) Damping
Figure 14: Effect of gap width on eigenfrequencies and damping of the flexible plate
For symmetrical vibration modes the ”extra spring stiffness” becomes more and more
important when the gap becomes smaller (raising of the eigenfrequency). Additional mass
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plays a role when the air in the gap is pumped back and forth (pumping effect) as happens
for asymmetrical vibration modes of the cover plate (lowering of the eigenfrequency). Both
effects are depicted in Figure 15.
Net volume change,
stiffness effect
No net volume change,
pumping, mass effect
Figure 15: Stiffness and pumping effect
Excitation axis
Figure 16: Setup of solar panels experiment
The method described above has been applied
to predict the dynamic behavior of stacked solar
panels, folded against a satellite. This behavior
is of crucial importance during the launch phase.
A corresponding experimental setup is depicted
in Figure 16.
Another topic which can be treated is the dy-
namic behavior of panels, backed by a narrow
cavity as occurs for instance on re-entry vehicles.
Further applications concern the design of dou-
ble wall panels to reduce structure born sound
transmission [31,32].
An interesting way to increase damping of double wall panels is to combine thin air layers
with reversed tube systems. Experiments have shown that this is a promising combination
since then both symmetrical and asymmetrical vibration modes can be passively damped
[24,31].
3 CONCLUDING REMARKS
An overview is given of some recent developments at the University of Twente on passive
systems for sound absorption and vibration damping. Use is made of a method, originally
applied for unsteady pressure measurements on oscillating airfoils. The method has been
extended to treat thin air layers as well.
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APPENDIX A FEM-like tube model
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Figure 17: Prismatic tube with length L
Starting-point is the equations for distribution of the complex amplitudes of the pressure
(6) and the averaged velocity (7) perturbation in a prismatic tube, viscothermal effects
included:
p(x, ω) =
{
C1 · exp
(
Γ(ω)
ω
c0
x
)
+ C2 · exp
(
−Γ(ω) ω
c0
x
)}
(6)
and:
u(x, ω) = −G(ω)
ρ0c0
{
C1 · exp
(
Γ(ω)
ω
c0
x
)
− C2 · exp
(
−Γ(ω) ω
c0
x
)}
(7)
The parameters Γ(ω) and G(ω) are dependent on angular frequency ω (rad/s) and the
shape of the cross-section of the tube. It can be derived that [5, 6, 22,24]:
Γ(ω) =
√
γ
Fc(S(ω))n(ω)
; G(ω) =
i
Γ(ω)
γ
n(ω)
; n(ω) =
1
1 + (1−γ−1)Fc(S(ω))σ)
Fc(s) =
√
J2(i
√
i s)
J0(i
√
i s)
; S(ω) = R
√
ρo ω
µ
; (i =
√−1)
(8)
With ρ0 the mean density (kg/m
3), c0 the sound velocity (m/s), γ the ratio of the specific
heats (-), Cp/CV , S(ω) the so-called shear-wave number (-), see (1), σ the square root of
the Prandl number (-), R the radius of the tube (m), µ the dynamic viscosity (Pa s), and
s a dummy variable (-). Further is Γ(ω) the viscothermal wave propagation coefficient
(-), n(ω) can be interpreted as a type of polytropic coefficient (-) and Fc(s) is function
dependant on the shape of the cross-section of the tube, in this case circular (-).
Consider a prismatic tube with length L and cross-section area A, see Figure 17. The
length coordinate is x (− 1
2
L ≤ x ≤ 1
2
L ). The integration constants C1 and C2 can be
expressed in the pressures in the end points of the tube, pi = p(−12L, ω) and pj = p(12L, ω).
The relations (6) and (7) now can be rewritten in:
p(ξ, ω) =
1
sinh(κ)
{
pi · sinh
(
κ · (1
2
− ξ))+ pj · sinh (κ · (12 + ξ))} (9)
and:
u(ξ, ω) = −G(ω)
ρ0c0
1
sinh(κ)
{
pi · cosh
(
κ · (1
2
− ξ))− pj · cosh (κ · (12 + ξ))} (10)
with:
κ = Γ(ω)
ω
c0
L and ξ =
x
L
(11)
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The mass flow perturbations in the end points of the tube (inward directed) expressed in
the velocities are:
Qi = ρ0A · u(−12 , ω) ; Qj = −ρ0A · u(12 , ω) (12)
With (10) then the next set of equations for one tube follows:[
Qi
Qj
]
=
A ·G(ω)
c0 · sinh(κ)
[
cosh(κ) −1
−1 cosh(κ)
]
·
[
pi
pj
]
or {Q} = [K] · {p} (13)
The matrix of equation (13) can be interpreted as the (symmetric) element matrix, [K],
of the concerned tube, and both vectors as the element vector with mass flows, {Q},
respectively the vector with pressure degrees of freedom, {p}. If pi or Qi , resp. pj or Qj
are known the remaining unknowns can be solved as a function of the frequency ω.
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Figure 18: AT-configuration of tubes
Subsequently a set of tubes is considered. In
Figure 18 a T-configuration of three tubes con-
nected to a volume V is depicted. The end points
of the tubes are numbered 1 through 4, the tubes
(elements) by < 1>, < 2> and < 3>. The di-
mensions of the tubes, length and cross-section,
can be different. The fluid or temperature in the
tubes may differ as well. The relation between
the pressure perturbations in the different tubes
is found in the condition that they are equal at the connection point. So:
p<1>i = p1 ; p
<1>
j = pV = p
<2>
i = p
<3>
i = p2 ; p
<2>
j = p3 ; p
<3>
j = p4 (14)
Furthermore the mass balance, taking in account the directions of mass flow, gives:
Q<1>j +Q
<2>
i +Q
<3>
i +
iω
c2V
γ
nV
V · p2 = 0 (15)
Combined with equation (13) this results in a set with linear equations:

Q<1>i
0
Q<2>j
Q<3>j

=


Q1
0
Q3
Q4

=


K<1>11 K
<1>
12 0 0
K<1>21 K
<1>
22 +K
<2>
11 +K
<3>
11 +KV K
<2>
12 K
<3>
12
0 K<2>21 K
<2>
22 0
0 K<3>21 0 K
<3>
22

·


p1
p2
p3
p4

 (16)
with:
KV =
iω
c2V
γ
nV
V (17)
The contribution of the volume V is found in the system matrix as a one by one element
matrix KV .
Several boundary conditions at the end of a tube are possible.
- The amplitude of the pressure perturbation is prescribed or zero (open end); then
the mass flow perturbation is not known and has to be calculated.
- The mass flow perturbation is prescribed or zero (closed end); then the pressure
perturbation is not known.
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- An impedance end condition. The pressure and the velocity (outward directed) at
the tube end are linear dependent:
pi
−ui =
ρ0c0
G(ω)
ζ or
pj
uj
=
ρ0c0
G(ω)
ζ ⇒ Qi=−
(
A·G(ω)
c0ζ
)<e>
pi or Qj=−
(
A·G(ω)
c0ζ
)<e>
pj (18)
Here ρ0c0/G(ω) represents the so-called characteristic impedance in case of a duct
with viscothermal wave propagation and ζ is the scaled (dimensionless) impedance.
In this way a infinitely long tube (non-reflecting boundary) is simulated when ζ = 1;
one of the integration constants of equation (6), C1 or C2, becomes zero.
As an example the following boundary conditions for the T-configuration shown in Figure
18 are applied:
In point 1 the pressure is prescribed, in point 3 the tube is closed (Q3 = 0) and in point
4 the impedance is given. This leads to the next set of equations:
 K<1>22 +K<2>11 +K<3>11 +KV K<2>12 K<3>12K<2>21 K<2>22 0
K<3>21 0 K
<3>
22 +K
<3>
Z

·

 p2p3
p4

=

 −K<1>21 · p10
0


and: Q1 = K
<1>
11 · p1 +K<1>12 · p2 (can be calculated after p2 is found)
(19)
with:
K<3>Z =
(
A ·G(ω)
c0ζ
)<3>
(20)
The impedance condition is found in the system matrix as an extra one by one element
matrix K<e>Z . A special impedance-like boundary condition is obtained when a tube is
closed with a piston (massmp), supported by a spring (stiffness constant kp) and a damper
(damping constant bp). In this case is found:
K<e>Z =
(
iω · ρ0A2
−ω2mp + iωbp + kp
)<e>
(21)
In case an inviscid fluid is considered the relevant parameters simplify to Γ(ω) = i en
G(ω) = 1. So, with (11), κ = iωL/c0. The tube element matrix then changes in:
[K] =
−iA
sin(ωL/c0)
[
cos(ωL/c0) −1
−1 cos(ωL/c0)
]
(22)
As can be seen the element matrix shows a singularity if ω becomes a multiple of pic0/L,
i.e. when an exact multiple of half-waves is present in the tube. It is recommended to
avoid this choice of ω during a harmonic response calculation, or to employ always a
viscothermal approach.
The above developed theory is implemented in a Matlab program and alternatively a
MathCad sheet. In a FEM-like way the element properties and the nodal point topology
are inserted. Boundary conditions are set and a system matrix and vector is drawn up.
For a frequency range this system is solved and one or more harmonic response curves
are determined. Obviously it is possible to distillate the (complex) eigenfrequencies of the
system by finding the zero-points of the determinant of the system matrix.
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